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Subcellular translocationa b s t r a c t
Receptor-interacting protein 3 (RIP3) has been implicated in ischemic necrosis of retinal cells. An in
silico analysis followed by experimental validation identiﬁed death associated protein (Daxx) as a
novel substrate of RIP3. In vitro binding studies revealed that RIP3 binds to the serine/proline/thre-
onine-rich domain (amino acid 625–740) of Daxx. Upon ischemic insult, RIP3 phosphorylated Daxx
at Ser-668 in the retinal ganglion cells, triggering nuclear export of Daxx. Depletion of RIP3 signif-
icantly inhibited nuclear export of Daxx and attenuated cell death to a great extent. Collectively, the
ﬁndings of this study demonstrate that phosphorylation of Daxx by RIP3 comprises an important
part of ischemic necrosis in rat retinal ganglion cells.
Structured summary of protein interactions:
Daxx binds to Rip3 by pull down (View Interaction: 1, 2)
Rip3 and Daxx colocalize by ﬂuorescence microscopy (View interaction)
Rip3 physically interacts with Daxx by anti bait coimmunoprecipitation (View interaction)
Daxx binds to Rip1 bypull down (View interaction)
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Ischemic phenomena occur in various eye diseases such as dia-
betic retinopathy, retinal vessel occlusion and glaucoma [1]. These
conditions result in loss of retinal ganglion cells (RGCs) mainly
through necrosis [2–4]. Increased expression of receptor-interact-
ing protein 3 (RIP3) was reported after retinal detachment, a com-
mon pathological condition resulting from the afore-mentioned
retinal diseases. Moreover, RIP3 deﬁciency blocked necrotic cell
death substantially [4]. Therefore, elucidation of the molecularmechanism underlying RIP3-mediated necrosis is an active area
of research in retinal diseases.
RIP3 is a Ser/Thr kinase belonging to the RIP family. It has an N-
terminal kinase domain and a unique C-terminal domain [5]. RIP3
interacts with its substrate, RIP1, via the RIP homotypic interaction
motifs (RHIMs) [6]. Other substrates of RIP3, a mixed lineage ki-
nase domain-like protein (MLKL) and phosphoglycerate mutase
family member-5 (PGAM5), also join to form a pronecrotic com-
plex together with RIP1 and RIP3 [7,8]. The pronecrotic complex
induces mitochondrial ﬁssion through dephosphorylation of dyn-
amin-related protein-1, leading to cell death. Collectively, ﬁndings
to date indicate that RIP3 is a key molecular switch for necrosis
[9,10].
Death associated protein (Daxx) is predominantly located in the
nucleus as a component of promyelocytic leukemia protein-nucle-
ar bodies (PML-NBs) [11–13]. However, Daxx is exported to the
cytoplasm upon stresses [12,14,15]. It has been demonstrated that
the subcellular location of Daxx determines cell fate [12,14]. Cyto-
plasmic Daxx activates the ASK1-JNK signaling pathway and en-
hances sodium hydrogen exchanger isoform-1 activity, leading to
cell death [16,17]. In contrast, conﬁned expression of Daxx to the
nucleus protects cells against death stimuli [12,14].
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orders, we identiﬁed through an in silico interaction analysis
and experimentally validated that Daxx is a novel substrate of
RIP3. In the present study, we explored the implications regard-
ing the phosphorylation of Daxx by RIP3 in the retinal ganglion
cells.
2. Materials and methods
2.1. In silico prediction of protein interactions
We used the STRING 9.0 software (http://string-db.org/) which
predicts protein–protein interactions based on various sources
(genomic context, high-throughput experiments, co-expression,
and literature) [18]. In STRING database, a conﬁdence score is as-
signed to each identiﬁed protein–protein association. The binding
cut-off score was set as >0.6 in our analysis.
2.2. Cell culture and transient transfection
RGC5, RIP3/, RIP3+/+, Daxx/ and Daxx+/+ mouse embryonic
ﬁbroblasts (MEFs) were maintained at 37C in 5% CO2 in Dulbecco’s
modiﬁed Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum and 1% antibiotics (Gibco Life Science). All transfec-
tions were performed using polyethylenimine (Biontex Laborato-
ries) according to the manufacturer’s protocol.
2.3. Experimental simulations of ischemia
To induce ischemic conditions, we used an anaerobic chamber
(Forma Scientiﬁc). Cells were washed once with phosphate-buf-
fered saline (PBS) and incubated in serum-free, glucose-free DMEM
using an anaerobic chamber at 37C with 5% CO2, 10% H2 and 85%
N2 [12].
2.4. Antibodies
Anti-Daxx, anti-RIP3, anti-GFP and anti-Histone H3 antibodies
were obtained from Santa Cruz Biotechnology. Anti-FLAG antibody
and anti-rabbit-FITC-conjugated IgG antibodies were obtained
from Sigma. Anti-GAPDH antibody was purchased from AbFrontier.
Anti-mouse-TRITC-conjugated IgG antibody was purchased from
Invitrogen. Horseradish peroxidase-conjugated secondary antibod-
ies were obtained from Thermo Fisher Scientiﬁc Inc.
2.5. Construction of plasmids
pFLAG-Daxx, pFLAG-Daxx S668A, pGEX 4T-1-Daxx and pGEX
4T-1-Daxx deletion fragments (amino acids 1–400, 400–500,
500–625 and 625–740) were previously reported [16]. The mouse
RIP3 was cloned into the pFLAG, pEGFP-N3 and pGEX 4T-1 vectors.
The RIP3 substitution mutant (D161N) was introduced into pFLAG
vector using a QuikChange site-directed mutagenesis kit (Strata-
gene) with appropriate mutagenesis primers.
2.6. Immunoprecipitation, Western blot and immunoﬂuorescence
staining
Cells were washed with PBS and lysed in mammalian lysis buf-
fer (50 mM Tris–Cl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Nonidet
P-40, 0.4 mM phenylmethylsulfonyl ﬂuoride). Cell lysates were
incubated for 4 h at 4C with the indicated antibodies coupled to
the protein A/G-agarose beads (Santa Cruz Biotechnology). Immu-
noprecipitates and whole cell lysates were subjected to SDS–PAGE
followed by a Western blot analysis using the appropriateantibodies. The proteins were visualized by ECL. Immunoﬂuores-
cence staining was performed as previously described [12].
2.7. In vitro kinase assay
Immunoprecipitated RIP3 from RGC5 cells transfected with
pFLAG-RIP3 was incubated in the kinase reaction buffer (20 mM
HEPES-KOH, pH 7.5, 1 mM NaF, 1 mM Na3VO4, 20 mM b-glycero-
phosphate, 20 mM MgCl2, 20 mM MnCl2, 1 mM EDTA, 2 mM dithi-
othreitol, 300 lMATP) with 1 lCi of [c-32P] ATP at 30C for 30 min.
Samples were resolved by SDS–PAGE and detected by autoradiog-
raphy. Similarly, GST fusion proteins were quantiﬁed using
coomassie brilliant blue solution.
2.8. Subcellular fractionation
RIP3/ and RIP3+/+ MEFs were homogenized in a glass homog-
enizer containing 10 volumes of mammalian lysis buffer. The com-
bined supernatants were subsequently centrifuged at 604g for
5 min yielding cytosolic (supernatant) and nuclear (pellet) frac-
tions. Protein lysates were subjected to a Western blot analysis.
2.9. Cell death assay
Cellular ATP and cellular cytotoxicity content was determined
using commercial kits from Promega. Fluorescence intensity was
assessed and colorimetrical measurement was performed using a
spectroﬂuorometer (PerkinElmer).
3. Results
3.1. Daxx is identiﬁed as a RIP3-binding protein
RIP1 plays a critical role in the necrosis of retinal ganglion cells
[4]. Therefore, we sought to identify RIP1-interactors based on a
bioinformatics approach using STRING 9.0 software. We extracted
114 proteins with a binding score value greater than 0.6, including
several proteins whose interactions with RIP1 have already been
validated such as Fas, TRADD and TRAF2 [19–21]. Among RIP1
interactors, Daxx caught our attention because it has a high RIP1
binding score (0.694) and plays an important role in ischemic cell
death [12,14]. Consequently, we made a Daxx-RIP1-RIP3 interac-
tion network map which predicted the interaction between Daxx
and RIP1 (Fig. S1). Therefore, we examined whether RIP1 interacts
with Daxx. RIP1 could bind to Daxx (Fig. S2), but did not phosphor-
ylate Daxx in vitro (data not shown).
Considering that RIP1 and RIP3 interact via their RHIMs, we
sought to ascertain whether RIP3 also interacts with Daxx. The
in vitro translated [35S]-labeled mouse RIP3 interacted with GST-
Daxx, but not with GST alone (Fig. 1A, left). Conversely, in vitro
translated [35S]-labeled Daxx also bound to GST-RIP3, but not to
GST alone (Fig. 1A, right). Therefore, our results indicate that
RIP3 can directly associate with Daxx.
We further investigated RIP3-Daxx interaction in RGC5 cells.
Endogenous RIP3 associated with Daxx in oxygen glucose depriva-
tion (OGD)-stimulated cells, but not in quiescent cells (Fig. 1B).
Moreover, Daxx and GFP-RIP3 were colocalized in OGD-stimulated
RGC5 cells, but not in quiescent cells when analyzed under ﬂuores-
cent microscope (Fig. 1C). Taken together, our data indicate that
cellular complexes are formed between Daxx and RIP3 in response
to OGD.
To determine the binding domain of Daxx to RIP3, we incubated
truncated mutants of GST-Daxx with in vitro translated RIP3. RIP3
bound to the Ser/Pro/Thr-rich (SPT) domain of Daxx (amino acids
625–740), but not to other domains of Daxx (Fig. 1D).
Fig. 1. Daxx interacts with RIP3. (A) In vitro translated [35S]-labeled products were incubated with GST, GST-Daxx or GST-RIP3. [35S]-Labeled bound proteins were eluted with
SDS sample buffer and separated by SDS–PAGE for autoradiography (top panel). GST fusion proteins from the same gel were stained with coomassie brilliant blue and aligned
to show protein levels (bottom panel). (B) RGC5 cells were subjected to OGD stimulation for the indicated times (0, 0.5, 1 and 2 h) and the cell lysates were co-
immunoprecipitated (IP) with anti-rabbit IgG or anti-RIP3 antibody and subjected to a Western blot (WB) analysis with anti-Daxx and anti-RIP3 antibodies. (C) RGC5 cells
were transfected with GFP-RIP3 and exposed to OGD for 2 h. The overlay represents a ﬂuorescent merged image of Daxx (red), GFP-RIP3 (green) and DAPI-stained DNA (blue).
Yellow reﬂects colocalization of Daxx and RIP3. (D) In vitro translated [35S]-labeled RIP3 was incubated with GST, GST full-length Daxx or truncated Daxx mutants. The results
were visualized by autoradiography (top panel) or coomassie brilliant blue staining (middle panel). The bottom panel is a schematic representation of the Daxx deletion
mutants. Paired amphipathic alpha helices domain (PAH), acid-rich domain (AD) and Ser/Pro/Thr-rich domain (SPT).
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We investigated whether RIP3-Daxx interactions lead to phos-
phorylation of Daxx. GST-Daxx was phosphorylated by immuno-
precipitated RIP3 WT (wild type), but not by immunoprecipitated
RIP3 KD (kinase dead, D161N) (Fig. 2A). We further validated phos-
phorylation of Daxx in RGC5 cells. Upon OGD treatment, the anti-
Daxx antibody detected two bands. The upper band disappeared
with k-protein phosphatase (k-ppase) treatment, indicating that
this band corresponds to phosphorylated Daxx (Fig. 2B).
To identify the amino acid residue targeted by RIP3, we per-
formed an in vitro kinase assay using puriﬁed GST-Daxx WT and
GST-Daxx truncates with immunoprecipitated FLAG-RIP3. Daxx
WT and the Daxx truncate containing the SPT domain were phos-
phorylated by FLAG-RIP3 (Fig. 2C), indicating that SPT domain con-
tains the phosphorylation residue of Daxx. We focused on Daxx
Ser-668 in the SPT domain whose phosphorylation status is known
to determine the subcellular location of Daxx [22,23]. DaxxWT and
its location speciﬁc mutant, Daxx S668A (conﬁned to the nucleus),
were overexpressed in RGC5 cells in combination with RIP3 WT.
FLAG antibody detected the upper band in the Daxx WT-transfec-
ted cells, but not in Daxx S668A-transfected cells (Fig. 2D). These
results indicate that Daxx Ser-668 is the phosphorylated residue
by RIP3.
3.3. RIP3 plays a crucial role in Daxx translocation upon ischemic
stress
Next, we investigated the contingent relationship between RIP3
and Daxx under OGD stress using confocal microscopy and afractionation analysis. Confocal microscopy revealed that in resting
cells, Daxx was detected in the nuclei of both RIP3+/+ and RIP3/
MEFs. However, translocation of Daxx was detected upon OGD in
a time dependent manner in RIP3+/+ MEFs, but not in RIP3/MEFs
(Fig. 3A).
Subsequently, we performed a fractionation analysis to assess
the portion of cells showing translocation phenomena. RIP3+/+
and RIP3/ MEFs were subjected to OGD and separate into cyto-
plasmic and nuclear fractions. Daxx was mainly detected in the nu-
clei fraction of RIP3+/+ and RIP3/ MEFs in the absence of OGD.
Upon OGD stimulation, Daxx was detected in the cytoplasmic frac-
tion of RIP3+/+ MEFs, but not in that of RIP3/ MEFs (Fig. 3B).
Majority of RIP3 was detected in cytoplasmic fraction of RIP3+/+
MEFs independently of OGD. However, small amount of RIP3 was
detected in the nuclei fraction and the nuclear RIP3 was increased
upon OGD (Fig. 3B). These results indicate that RIP3 has a decisive
role in Daxx export upon ischemic stress.
3.4. Phosphorylated Daxx plays an important role in RIP3-mediated
ischemic cell death
In this study, we examined whether phosphorylation of Daxx is
functionally relevant in the context of ischemic cell death. To ad-
dress this, we performed a rescue experiment in Daxx/ and
RIP3/ MEFs (Fig. 4).
Forced expression of RIP3 in Daxx+/+ MEFs promoted OGD-in-
duced LDH release, but not in Daxx/ MEFs (Fig. 4A, left). Overex-
pression of Daxx WT increased LDH release in both RIP3/ and
RIP3+/+ MEFs under OGD, whereas overexpression of Daxx S668A
did not (Fig. 4A, right). An ATP assay showed similar results. Forced
Fig. 2. RIP3 phosphorylates Daxx at Ser-668. (A) RGC5 cells were transfected with FLAG-RIP3 WT or RIP3 KD. Cells were co-immunoprecipitated at 48 h after transfection
with an anti-FLAG antibody and the resulting immunocomplexes were incubated with either puriﬁed GST or GST-Daxx in the presence of [c-32P] ATP. GST-proteins were
resolved by SDS–PAGE and visualized by autoradiography (top panel). The amounts of proteins used in kinase assay are shown, Western blot (WB, middle panel) or coomassie
brilliant blue staining (bottom panel). (B) RGC5 cells were exposed to OGD for 2 h. RGC5 cell lysates were incubated for 1 h with 1000 units of k-ppase at 30C and analyzed by
Western blot with anti-Daxx and anti-GAPDH antibodies. GAPDH was used as a loading control. (C) Lysates from RGC5 cells transfected with FLAG-RIP3 were
immunoprecipitated with anti-FLAG antibody and the resulting immunocomplex was subjected to in vitro kinase assay using GST, GST-Daxx WT or truncated Daxx mutants
in the presence of [c-32P] ATP. GST-proteins were resolved by SDS–PAGE and visualized by autoradiography (top panel) or coomassie brilliant blue staining (bottom panel).
The asterisk indicates the IgG light chain. (D) RGC5 cells co-transfected with indicated plasmids were harvested at 48 h post-transfection and a Western blot analysis was
performed with the indicated antibodies.
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in Daxx+/+ MEFs (Fig. 4B, left). Overexpression of Daxx WT reduced
ATP content in both RIP3/ and RIP3+/+ MEFs exposed to OGD, but
overexpression of Daxx S668A did not (Fig. 4B, right). In addition,
RGC5 cells were protected from OGD-induced death by treatment
of necrostatin-1, the well-known inhibitor of RIP1 kinase, indicat-
ing that OGD induced necrotic cell death (Fig. S3). Collectively, our
data clearly show that phosphorylated Daxx acts downstream of
RIP3 and plays a crucial role in ischemic cell death.
4. Discussion
In this study, we identiﬁed Daxx as a novel substrate of RIP3
and report a death mechanism involving RIP3 and Daxx upon
ischemic insult in RGCs. Our data show that phosphorylation
of Daxx at Ser-668 is critical for the nuclear export and
death-promoting potential of Daxx upon ischemia in cells.
Moreover, Daxx is demonstrated to mediate RIP3-induced death
of RGCs.
Substrates of RIP3 (RIP1, MLKL and PGAM5) are recruited to the
pronecrotic complex [6–8]. However, we have not yet studied
whether Daxx also participates in the pronecrotic complex. Daxx
serves as a constituent of the PML-NBs and its depletion inhibited
the formation of PML-NB complex, stating its essential role for the
integration of complex members [12]. Therefore, it would beinteresting to investigate the interaction of Daxx with downstream
components of RIP3 signaling.
HIPK1 is also known to phosphorylate Daxx Ser-668 [22]. HIPK1
and RIP3 are both trafﬁcking proteins, although in opposite direc-
tions. HIPK1 is exported from the nucleus, whereas RIP3 is im-
ported to the nucleus upon stress [24,25]. Their substrate, Daxx,
is phosphorylated in the nucleus and exported to the cytoplasm
in response to stress. We are curious whether interplay, if any, be-
tween HIPK1 and RIP3 will phosphorylate and subsequently regu-
late the trafﬁcking of Daxx. Depletion of either HIPK1 or RIP3
prevented phosphorylation and nuclear export of Daxx, suggesting
that the two kinases might cooperate in phosphorylating Daxx in
the cellular context. To address this further, it would be necessary
to investigate the detailed trafﬁcking kinetics of Daxx, RIP3 and
HIPK1.
Regulation of Daxx trafﬁcking might serve a new strategy for
the treatment of retinal diseases. Protection of cell death against
ischemic insult by conﬁned expression of Daxx to the nucleus
provides a promising therapeutic opportunity. The critical amino
acid residue to control the trafﬁcking of Daxx, Ser-668, has already
been mapped and the structure of Daxx has been predicted,
although the crystal structure as not been obtained yet. In fact,
leptomycin B prevents the binding of exportin to Daxx, and
subsequently inhibits nuclear export of Daxx protected cells
against glucose deprivation [14]. This provides a concept that
Fig. 3. RIP3 modulates nuclear exports of Daxx upon OGD. (A) RIP3+/+ or RIP3/ MEFs were subjected to OGD for the indicated times (0, 0.5, 1, 2 and 4 h). After OGD
stimulation, cells were ﬁxed and stained with anti-Daxx (green) antibody. Nuclei were visualized with propidium iodide (red). (B) RIP3+/+ or RIP3/MEFs were subjected to
OGD (0 and 4 h) and fractionated into nuclear and cytosolic fractions. Whole cell lysates were subjected to a Western blot (WB) analysis with anti-Daxx and anti-RIP3
antibodies. Histone H3 and GAPDH were examined as nuclear (N) and cytosolic (C) markers, respectively.
Fig. 4. Daxx mediates RIP3-induced cell death. Daxx+/+ or Daxx/ (left panel) and RIP3+/+ or RIP3/ (right panel) MEFs were transfected with the indicated plasmids. Forty-
eight hours after transfection, MEFs were subjected to OGD for 2 h. (A) LDH release into the culture medium was measured as a marker of cell death. (B) Reduction of ATP
metabolism was measured 0 and 2 h after OGD. All quantitative data are mean ± S.E.M. from three independent experiments.
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the treatment of retinal diseases. Therefore, designing molecules
that inhibit the trafﬁcking of Daxx would open a new therapeutic
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